Short and long-term folding and faulting ot the lithosphere under compression by Lourenço, Diogo José Louro
UNIVERSIDADE DE LISBOA
FACULDADE DE CIÊNCIAS
DEPARTAMENTO DE ENGENHARIA GEOGRÁFICA, GEOFÍSICA
E ENERGIA
SHORT AND LONG-TERM FOLDING AND FAULTING
OF THE LITHOSPHERE UNDER COMPRESSION
Diogo José Louro Lourenço
Mestrado em Ciências Geofísicas
(Geofísica Interna)
2012

UNIVERSIDADE DE LISBOA
FACULDADE DE CIÊNCIAS
DEPARTAMENTO DE ENGENHARIA GEOGRÁFICA, GEOFÍSICA
E ENERGIA
SHORT AND LONG-TERM FOLDING AND FAULTING
OF THE LITHOSPHERE UNDER COMPRESSION
Diogo José Louro Lourenço
Mestrado em Ciências Geofísicas
(Geofísica Interna)
Tese orientada pelo Professor Doutor Fernando Manuel Ornelas Guerreiro Marques
2012

Resumo
A principal premissa da teoria de Tectónica de Placas é que as placas litosféricas se
comportam de forma rígida no seu interior. No entanto, elas dobram sob o efeito de carga
vertical de vulcões ou calores de gelo, por exemplo, e deformam-se devido a grandes tensões
horizontais devidas à topografia. A questão que ainda persiste e que queremos investigar
é como se inicia a deformação da litosfera sob compressão horizontal.“Falhamento e do-
bramento de curto e longo-termo da litosfera sob compressão” é um problema geofísico
ainda não resolvido, apesar de vários estudos se terem debruçado sobre ele. Numa litos-
fera reologicamente estratificada, existe a possibilidade de se formarem as duas estruturas
principais da tectónica: dobras e falhas. Urge portanto saber quais as condições físicas
que promovem um ou outro modo de deformação, e a possível interacção entre os dois.
Dada a grande complexidade da abordagem analítica deste problema, e as insuficiências
da abordagem experimental em laboratório, optámos por utilizar a modelação numérica
computacional para abordar este problema e ganhar nova compreensão do processo. As
simulações numéricas foram realizadas utilizando o código MILAMIN VEP, que é um
código 2D de elementos finitos baseado no solver de escoamento viscoso MILAMIN, mas
que foi completado de forma a permitir reologias visco-elasto-plásticas, advecção baseada
em tracers, transições de fase e acoplamento termo-mecânico.
Foi utilizado um modelo de três camadas: (1) uma camada superior frágil, repre-
sentando a litosfera frágil, (2) uma camada intermédia dúctil, representando a litosfera
dúctil, e (3) uma camada inferior muito mais espessa que as outras duas, representando a
astenosfera. Dada a complexidade da constituição reológica dos vários leitos, foram tidos
em conta no estudo vários parâmetros, como por exemplo a espessura de cada camada, o
comprimento do modelo, o intervalo de tempo entre cada iteração do modelo, o número
de marcadores por elemento, etc. As principais variáveis a testar foram a viscosidade, o
coeficiente de atrito interno e a densidade. O modelo é submetido a uma compressão com
uma taxa de deformação constante nas fronteiras direita e esquerda.
O trabalho está dividido em duas partes principais. Na primeira utiliza-se os primeiros
incrementos das simulações numéricas para responder à pergunta dobra ou falha primeiro,
dependendo dos parâmetros utilizados. Na segunda parte usa-se simulações longas para
se tirar ilações sobre o estado da litosfera depois de passados alguns milhões de anos, em
termos de falhas, dobras ou uma conjugação de ambas.
Os resuldos da primeira parte do trabalho mostram que usando viscosidades largamente
aceites na comunidade científica e contrastes de viscosidade lógicos: (1) a litosfera oceânica
dobra primeiro quando o contraste de viscosidade entre a litosfera dúctil e a litosfera frágil
ηDL/ηBL = ηR ≥ 10, and (2) a litosfera falha primeiro quando ηR ≤ 0.01. O comprimento
de onda das dobras obtidas no modelo são comparáveis ao dobramento observado no
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Oceano Pacífico Central.
Os resultados da segunda parte do trabalho mostram, acerca dos factores que contro-
lam o dobramento e falhamento de longo-termo, que: (1) se as viscosidades da camada
frágil superior e da camada intermédia dúctil forem iguais, a litosfera deforma-se sofrendo
um achatamento homogéneo; (2) para ηDL/ηBL = ηR = 10 ou ηR = 0.1, um maior con-
traste entre as viscosidade da camada dúctil e da astenosfera promove dobramento; (3)
viscosidades similares, como por exemplo diferenças de apenas uma ordem de grandeza,
entre as três camadas (astenosfera, camda dúctil e camada superrior frágil) inibem a de-
formação por dobramento ou por falhamento e litosfera sobre praticamente apenas, ou
só achatamento homogéneo; (4) contrastes de viscosidade altos entre a litosfera frágil e
a litosfera dúctil promove dobramento; (5) um contraste de viscosidade de duas ordens
de grandeza, com viscosidades mais altas na camada frágil relaticamente à camada dúctil
(ηR = 0.01), é suficiente para fazer com que a litosfera se deforme por falhamento, ape-
sar de para um contraste alto entre as viscosidades da astenosfera e da camada dúctil, a
litosfera pode deformar-se por dobramento e falhamento; (6) o falhamento é tanto mais
forte quanto maior for o contraste entre as viscosidades entre as camadas frágil e a camada
dúctil (ηBL > ηDL); (7) o falhamento é fortalecido por pequenos contrastes de viscosidade
entre a viscosidade da astenosfera e da camada dúctil; (8) usando densidades típicas para
um perfil de densidades oceânico ou continental não afecta a forma geral de deformação
da litosfera, mas sim a sua intensidade; (9) um perfil de densidades usando um valor
constante para as várias camadas promove dobramento ou falhamento porque é menos
estável gravitacionalmente que um perfil de densidades típico para a litosfera oceânica ou
continental; e (10) o decréscimo do valor do ângulo de atrito interno inibe a localização
da deformação (falhamento).
Palavras-chave: dobra; falha; instabilidades periódicas; contrastes de viscosidade; as-
tenosfera.
Abstract
The main premise of the Plate Tectonics theory is that lithospheric plates behave rigidly
in their interior. However, they bend under vertical loading by large volcanoes or ice caps,
and buckle under large horizontal topographic stresses. The problem that still persists,
and we investigate, is how lithospheric deformation sets off under horizontal compression:
buckle first or fault first? Using widely accepted viscosity magnitudes and reasonable
viscosity contrasts, 2D visco-elasto-plastic numerical modelling indicates that: (1) the
oceanic lithosphere first buckles when the viscosity contrast (ηR) between ductile and
brittle lithospheres is
(
ηDL
ηBL
)
≥ 10, and (2) the lithosphere first faults when (ηR ≤ 0.01).
The model buckle wavelength is comparable to observations of buckling in the Central
Indian Ocean.
We are also interested in studying the factors that control the evolution of faulting and
folding of the lithosphere under compression. We use different configurations of viscosity,
density and also study the effect of the friction angle on long-term runs of 2D visco-elasto-
plastic numerical modelling. It indicates that: (1) if the viscosities of the top brittle
layer and the intermediate ductile layer are equal, lithosphere undergoes homogeneous
flattening; (2) high viscosity contrasts with higher viscosities in the ductile layer promotes
buckling; (3) faulting is as stronger as higher is the contrast between viscosities of the
brittle layer and the ductile layer (ηBL > ηDL); (4) faulting is strengthened by a small
contrast between the viscosity of the asthenosphere and of the ductile layer; (5) a constant
density profile promotes buckling or faulting.
Keywords: buckle; fault; periodic instabilities; viscosity contrast; asthenosphere;
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Chapter 1
Introduction
1.1 The problem
“Short and long-term faulting and folding of the lithosphere under compression” is a
geophysical problem, which is still unresolved, despite several studies that have addressed
it. In a rheological stratified lithosphere, it is possible to form the two principal structures
of tectonics: folds and faults. It is important, therefore, to know what are the physical
conditions that promote one or the other mode of deformation, and the possible interaction
between the two.
1.2 Methodology
Given the large complexity of the analytical approach to the problem described in
the previous section, and the shortcomings of the analogue modelling approach, we have
chosen to use numerical modelling to address this problem and gain a new understanding
on the process. The numerical simulations were performed using the MILAMIN VEP code,
which is a two-dimensional finite elements geodynamic modelling code that is based on the
fast MATLAB-based Stokes solver MILAMIN, but includes remeshing, visco-elasto-plastic
rheologies and a tracer-based method to advect material proprieties. Further information
on both the problem and methods will be given in the following chapters.
1.3 Outline
The current work is divided in three main parts. In the first chapter, the Introduction,
we will give a brief introduction on the problem and a theoretical introduction, important
to understand this work. In the second chapter, we will use the first increments of the
numerical simulations to answer the question of what happens first, faulting or folding,
depending on the parameters used. Finally, in the third chapter we will use long-term
simulations to find out about the evolution, state and aspect of the lithosphere after it
evolves a few million years, in terms of fold, fault or both. It is our intention to publish
both Chapter 2 and 3 as separated scientific papers, and that is why they are written in
that form.
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1.4 Theoretical introduction
1.4.1 Stress and strain
Stress
As we want to study how the lithosphere responds when subjected to a force, in our
case a compression, it is important to introduce two important concepts on the field of
geodynamics: stress and strain.
Stress can be defined as the internal distribution and intensity of a force acting at any
point within a continuum in response to applied loads. It is defined as a force per unit area,
which means that stress is directly proportional to the applied force and inversely propor-
tional to the area where it is applied. A force vector ~f(x) can be decomposed into three
components (σxx, σxy, σxz) parallel to each coordinate axis (Fig.1.1). A stress component
that is orthogonal to the surface, σxx is called a normal stress component and characterise
the magnitude of compression/extension across the surface. The components that are
parallel to the surface, σxy and σxz are called shear stress components and characterize
the magnitude and direction of shearing applied along the surface.
Figure 1.1: Components of the stress tensor.
In order to fully characterise the force balance at a point it is convention to represent the
stress tensor. Tensors are field variables that characterize the internal state of a continuum
and are represented as a N × N matrix, where N is the dimension of the problem. The
1D stress tensor (N = 1) is:
σij = (σxx) (1.1)
where, according to the common continuum mechanics convection, the first index (i) of
a stress component σij denotes the axis along which this stress component is taken, and
the second index (j) indicates the surface on which the force balance is considered.
The 2D stress tensor (N = 2) will be:
σij =
(
σxx σxy
σyx σyy
)
(1.2)
And for (N = 3), the 3D stress tensor (Fig.1.1) is:
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σij =
σxx σxy σxzσyx σyy σyz
σzx σzy σzz
 (1.3)
Looking at the equations of the stress tensor we can see that normal stresses are always
located on the main diagonal of the matrix. Due to the condition of force balance in the
absence of internal sources of angular momentum, this matrix is symmetric relative to the
main diagonal so that σij = σji. This means that, for example in Equation 1.3:
σxy = σyx
σxz = σzx
σyz = σzy
It is also important to say that, in continuum mechanics, pressure is defined as the
mean normal stress, where the negative sign on the right-hand side is a convention:
P = −(σxx + σxx + σxx)3 (1.4)
Pressure is an invariant and, thus, does not change with changing the coordinate system.
It is also convenient to define the deviatoric stresses, σ′ij , which are deviations of stresses
from the hydrostatic stress state, i.e., from the following conditions:
σxy = σyx = σxz = σzx = σyz = σzy = 0
σxx = σyy = σzz = −P (1.5)
Deviatoric stresses are defined as:
σ′ij = σij + Pδij (1.6)
where δij is the Kronecker delta that is equal to 1 when i = j and equal to 0 when
i 6= j. Any equation that uses this abbreviation is a group of equations.
The second invariant of the deviatoric stress tensor, σII does not depend on the co-
ordinate system and characterises the local deviation of stresses in the medium from the
hydrostatic state. It can be calculated as follows:
σII =
√
1
2
(
σ′2xx + σ′2yy + σ′2zz + σ′2xy + σ′2yx + σ′2xz + σ′2zx + σ′2yz + σ′2zy
)
=
=
√
1
2
(
σ′2xx + σ′2yy + σ′2zz
)
+ σ′2xy + σ′2xz + σ′2yz =
√
1
2σ
′2
ij
(1.7)
Strain and strain rate
Like stress, strain is an important quantity that characterizes the amount of defor-
mation. Strain is computed as the ratio of displacement ∆L to the initial length of the
deforming body L, therefore is dimensionless. Like stress, normal and shear strain can be
discriminated (Fig.1.2). In simple problems strain can be defined as:
ε = ∆L
L
(1.8)
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(a) Normal strain. (b) Shear strain.
Figure 1.2: Strain components.
However, in case of more complex deformation, the strain tensor is defined as:
εij =
1
2
(
∂ui
∂xj
+ ∂uj
∂xi
)
(1.9)
i and j are coordinate indices and xi and xj correspond to physical coordinates of
geometrical points. In 3D, we can define a nine strain tensor components with three
normal strain components:
εxx = 12
(
∂ux
∂x +
∂ux
∂x
)
= ∂ux∂x
εyy = 12
(
∂uy
∂y +
∂uy
∂y
)
= ∂uy∂y
εzz = 12
(
∂uz
∂z +
∂uz
∂z
)
= ∂uz∂z
(1.10)
and six shear strain components:
εxy = εyx = 12
(
∂ux
∂y +
∂uy
∂x
)
εxz = εzx = 12
(
∂ux
∂z +
∂uz
∂x
)
εyz = εzy = 12
(
∂uz
∂y +
∂uy
∂z
) (1.11)
We should note that stress and strain are very different physical quantities. While
stress characterises de distribution of forces acting in a continuum at a given moment of
time, strain quantifies in an integrated form all the entire deformation history, from the
initial state to the given moment.
It is also convenient to introduce the strain rate, which characterises the dynamics of
changes in the internal deformation. The strain rate tensor ε˙ij is the time derivative of
the strain tensor εij . In Equation 1.9 ui and uj are components of material displacement,
and the time derivative of the displacement vector is the velocity vector ~v = (vx, vy, vz).
Therefore the strain rate tensor is defined as:
ε˙ij =
1
2
(
∂vi
∂xj
+ ∂vj
∂xi
)
(1.12)
In 3D, we can define a nine strain rate tensor components with three normal strain
components:
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ε˙xx = 12
(
∂vx
∂x +
∂vx
∂x
)
= ∂vx∂x
ε˙yy = 12
(
∂vy
∂y +
∂vy
∂y
)
= ∂vy∂y
ε˙zz = 12
(
∂vz
∂z +
∂vz
∂z
)
= ∂vz∂z
(1.13)
and six shear strain components:
ε˙xy = ε˙yx = 12
(
∂vx
∂y +
∂vy
∂x
)
ε˙xz = ε˙zx = 12
(
∂vx
∂z +
∂vz
∂x
)
ε˙yz = ε˙zy = 12
(
∂vy
∂z +
∂vz
∂y
) (1.14)
Like the stress tensor, the strain rate tensor can be also subdivided into isotropic,
which is an invariant, and deviatoric components as shown in Equation 1.15. Also ac-
cording to this equation the sum of normal deviatoric strain rate components is zero(
ε˙′xx + ε˙′yy + ε˙′zz = 0
)
.
ε˙kk = ε˙xx + ε˙yy + ε˙zz = ∂vx∂x +
∂vy
∂y +
∂vz
∂z
ε˙′ij = ε˙ij − δij 13 ε˙kk
(1.15)
Also by analogy with the second stress invariant, the second invariant of the deviatoric
strain rate tensor can be computed as shown in Equation 1.16. In simple terms, this
invariant can be used to represent strain "magnitude".
ε˙II =
√
1
2 ε˙
′2
ij (1.16)
1.4.2 Rheology
In order to study the mechanical response of the lithosphere to various types of forces
(in our work, compression), we must take into account its rheology, which describes the
response of materials to an imposed stress system and that varies considerably according
to the physical conditions of deformation. Three main rheological modes determine the
flow behaviour of Earth materials in the lithosphere: elasticity, plastic yielding and viscous
creep. But an important factor is the time during which the load is applied. For example,
the mantle behaves elastically at a time scale of seismic waves, but flows like a viscous fluid
at a time scale of over a few thousand years. Grossly, we can say that under low confining
pressures and temperatures like those at shallow depths in the crust, and on short time
scales, one hypothetical sample returns to its original dimensions when the load is removed
(the material behaviour is elastic) or has deformed by fracturing (the material is brittle).
Under high confining pressures and temperatures like those at greater depths in the crust,
the rock deformes slowly without fracturing and will not return to its original dimensions
when the load is removed. It deformes ductilely, and behaves as a plastic material. Let
us now deepen these concepts.
1.4.3 Types of material responses
There are three behaviours that refer to three ideal rheological models, elasticity, vis-
cous flow and plasticity, which are the characteristic relationships between stress, strain
6 Chapter 1: Introduction
and time.
Elastic deformation
Elastic rheology has wide applications in geodynamics. The compression or extension
of a helical spring, or Hookean body, demonstrates the elastic deformation and response.
By definition deformation is perfectly elastic when straining or unstraining takes place
instantaneously once the load is applied or removed. An elastic medium has no memory of
past deformations and stresses. Strain exists only if stress exists and is strictly proportional
to it. This relationship between stress and strain is written:
σ = Eε = E (`− `0)
`0
(1.17)
This equation is Hooke’s law, where σ is the applied stress, ε is the dimensionless
extensional strain, ` is the deformed-state length, `0 the original length, and E is a constant
of proportionality usually known as elasticity modulus or Young’s modulus.
Figure 1.3: Elastic deformation.
Fig.1.3 explains the elastic deformation. The instant the load is applied, the defor-
mation begins. The relationship between the axial stress and the longitudinal strain is
linear. Once the deforming load is removed the specimen instantly returns to its original
unstrained size and shape.
Viscous deformation
By definition, viscous, or Newtonian, behaviour is best exhibited by the flow of fluids.
The compression or extension of a dashpot simulates this type of deformation and response.
A dashpot is a porous piston that slides in a cylinder containing a fluid. As we can see in
Fig.1.4, when a force is applied to the piston, it moves. The resistance of the fluid to the
piston moving through it represents viscous resistance to flow. When the force is removed
the piston does not go back. There is no recovery after removal of the deforming stress,
i.e., the viscous deformation is irreversible and permanent.
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Figure 1.4: Viscous deformation.
Unlike the elastic deformation, the equation that expresses a viscous deformation is a
relationship between stress and strain-rate:
σ = η.ε˙ (1.18)
Where ε˙ is the strain rate and η is the viscosity, which acts like a constant of propor-
tionality.
Equation 1.18 states that: (1) the higher the applied stress, the faster the material will
deform, and (2) the total strain is dependent both on the magnitude of the stress and the
lenght of time for which it is applied, because the strain-rate is the total strain derivative
with respect to time.
The linear viscosity used in Equation 1.18 is an approximation to that of real rocks in
the lower lithospheric mantle. The viscous behaviour of upper mantle and crustal rocks
is complicated by two important facts: (1) viscosity is a strong exponential function of
temperature, decreasing with it, and (2) the proportionality between stress and strain rate
is typically not linear, but governed by a law stating that stress raised to some power,
typically a number between 3 and 5, is proportional to strain rate. This means that the
viscosity of rocks in the related stress-strain rate plot is a curve. Because of this, it is
common to use the effective viscosity, which is defined by the slope of the tangent to the
viscosity curve (see Fig.1.5). The effective viscosity is no material property; it is just a
description of the viscous behaviour at specified stress, strain rate and temperature.
Plastic deformation
The ideally plastic material is a solid that does not deform until a threshold strength,
the yield stress σc, is reached, and incapable of maintaining a stress greater than this
critical value. This condition is expressed in the Von Mises yield criterion, which can
be seen in Equation 1.19. At the yield stress, permanent and irreversible deformation
proceeds continuously and indefinitely under constant stress. Unlike the previous types of
deformation, in this case the strain only takes place in localised regions where the critical
value of stress is reached. The yield stress is the characteristic strength of the material,
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Figure 1.5: Non-Newtonian viscosity of a rock and its effective viscosity for a given strain
rate.
and is not a constant but a dependent variable. It is a function of the normal stresses
applied, temperature, pressure, chemical composition of the adjacent rocks and of the
history of the deformation.
σ ≤ K = σc (1.19)
The flow rule for the plastic deformation is:
ε˙ =
{
0 if σ ≤ K and σ˙ = 0
Λ˙.f (σ) if σ = K and σ˙ = 0 (1.20)
Where Λ˙ is a positive and indeterminate proportionality factor.
As in the previous cases of elastic and viscous deformation, there is a conceptual model
that describes the relationships between stress, strain and time of the plastic deformation.
It is composed of a weight resting on a rough and flat surface and is known as Saint-Venant
body. As we can see in Fig.1.6, the weight is not displaced as long as the applied force
is less than the frictional resistance. At a threshold force the weight begins moving, and
a constant force that just overcomes the frictional resistance keeps it moving. When the
force is removed or decreases below the threshold magnitude, the weight stays in its new
position.
Visco-elasto-plastic deformation
With the three fundamental types of material responses explained, we must point out
that it is possible to combine them. This leads for example to viscoelastic deformation,
elasto-plastic deformation, viscoplastic deformation, visco-elasto-plastic deformation, etc.
The visco-elasto-plastic models are the ones that portray the proprieties of rocks more
accurately. A spring, a dashpot and a friction block on a raw surface (Hookean + New-
tonian + Saint-Venant bodies) arranged in series or in parallel represent materials that
behave in this manner, and the deformation is then distributed between the mechanisms
according to their material properties.
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Figure 1.6: Plastic deformation according to a Saint-Venant Element.
1.4.4 Brittle / ductile behaviour
Rocks only react in an elastic manner for small strains. When the yield stress is
attained, there are two possible behaviours: brittle or ductile.
The brittle behaviour is pressure-dependent and refers to a state of stress at which
rupture occurs, and where elastic deformation leads to failure before plastic deformation
and the material loses cohesion through the development of fractures or faults. The
maximum stress a rock can withstand before beginning to deform permanently is its yield
point, or elastic limit. Fig. 1.7 shows schematically the brittle behaviour.
On the other hand, the ductile behaviour describes the non-brittle modes of defor-
mation and is dominantly temperature-dependent. It prevails in the deeper crustal and
lithospheric levels or in regions with a high thermal gradient. Ductile rocks attaining their
yield point deform by distributing the permanent strain in a smoothly varying manner
throughout the deformed mass without any marked discontinuity, commonly involving
deformation of individual grains.
Figure 1.7: Brittle behaviour.
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1.4.5 Strength Profiles
It is now common knowledge, based on years of several types of observations that the
rheology of the earth changes with depth. Grossly, we can say that rocks from shallow
crustal levels deform in a brittle manner, while rocks from lower crustal levels deform
in a ductile fashion. Therefore, rheological models of the lithosphere should account for
these variations with depth, while combining the brittle and ductile deformation laws.
Graphically they are summarized as strength versus depth profiles called yield-strength
envelopes (Fig.1.8). In these plots, at least two contrasting and superposed lithospheric
regions are distinguished:
1. Pressure-controlled regions of elastic-rigid behaviour. This upper part of the model
uses Byerlee’s friction law for the limiting strength and assumes a hydrostatic pore-
pressure gradient. Byerlee’s law is shown in Equation 1.21, where σS is the shear
stress, µ is the coefficient of internal friction and σN represents the normal stress.
σS = µσN (1.21)
This law is named after James Byerlee, an American geophysicist, who experimen-
tally found the best-fit value for µ (= 0.85), for confining pressures corresponding to
shallow crustal depths, up to 200MPa ≈ 8Km. Therefore Equation 1.21 becomes:
σS = 0.85σN (1.22)
According to Byerlee’s law, the brittle strength of rocks increases linearly with depth
and is independent of the material.
2. Temperature-controlled parts with ductile (viscous or plastic), non-linear flow laws
for the yield strength. The curved strength envelope of rocks in ductile deformation is
largely insensitive to pressure variations (hence to depth) but decreases exponentially
with depth, due to thermal softening.
The area under the yield strength envelope leads to the integrated strength, which gives
us the measure of the total lithospheric strength. The integrated lithospheric strength is
the maximum value for the driving forces of plate tectonics, which is a very important
constraint on the geodynamics of the earth.
Earth’s lithosphere can be divided into continental and oceanic lithospheres, which
have different characteristics, and therefore different yield strength envelopes. Strength
profiles of oceanic lithosphere have simple shapes. The basaltic crust has a near 0 km
thickness at the mid oceanic ridge and then thickens to about 5-7 km by cooling the
sub-crustal mantle lithosphere. Therefore, the strength profiles of oceanic lithosphere
change with the distance to the mid oceanic ridge, according to the thickness of the crust.
First, the strength profiles increase linearly with depth according to the Byerlee law, then
decrease exponentially according to the olivine viscous power law to grade into the nearly
no strength of the asthenosphere.
The continental lithosphere is compositionally heterogeneous and the crust is thicker
than in the oceanic case. This makes the concept of the strength profiles more complex to
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Figure 1.8: Basis theory on the construction of a yield strength envelope.
apply. The rheology of the crust is generally approximated as that of the most common
mineral, wet quartz. This mineral is brittle at shallow depth but typically ductile at
temperatures above 300−350 ◦C, well above the Moho (about 500 ◦C). The brittle strength
of the crust increases with depth, while the viscous strength of the crust below the depth
of brittle-ductile transition, which is viscous, decreases with depth. The brittle-ductile
transition supports the highest shear stresses anywhere in the crust. Below the Moho, the
viscous curve for wet quartz is replaced by that for olivine. Olivine supports substantially
higher shear stresses than quartz and the Moho is therefore the region of highest strength
in the lithosphere.
When taking into account the total lithosphere, experimental data seem to indicate
that the lower crust is markedly weaker than the peridotite mantle immediately above the
Moho. As a consequence, the continental lithosphere has one (at the bottom of the crust)
or two soft ductile layers sandwiched between brittle layers. Based on that, the prevailing
model is that of a strong upper crust, down to about 15 km, overlying a soft middle to
lower crust (down to 20-30 km) and a strong lower crust and uppermost mantle down to
the depth at which the olivine viscous law applies. Owing to their shape that can be seen
in Fig.1.9, these diagrams are popularly called “Christmas trees”.
1.4.6 Faults and folds
As we mentioned before, in a rheologically stratified lithosphere it is possible to form
the two principal structures of tectonics, faults and folds. In this section we will briefly
introduce faults and folds.
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Figure 1.9: Idealised strength profile of the lithosphere.
Faults
Faults occur when two adjacent blocks of rock have moved past each other in response to
induced stresses. There are two different classes of faults reflecting the two basic responses
of rocks to stress: brittle and ductile. A brittle fault is a discrete fracture between blocks of
rock that have been displaced relative to each other, in a direction parallel to the fracture
plane. Fault zones are regions of localized brittle deformation. In the same way that faults
exist in brittle material, there are faults in ductile material, usually known as shear zones.
Shear zones are regions of localized, but continuous ductile displacement, formed under
conditions of elevated temperature and/or confining pressure.
There are several types of faults, distinguished on the basis of the movement of the
footwall relative to the hanging wall, as can be seen in Fig.1.10.
(a) Strike-slip. (b) Normal. (c) Thrust.
Figure 1.10: Types of faults.
Dip slip faults are those in which vertical displacement primarily occurs. A normal
fault is one in which the hanging wall falls down relative to the footwall due to tensional
stress. A reverse fault is one in which the hanging wall moves up relative to the footwall
due to compression. If the hanging wall is pushed up and then over the footwall at a low
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angle it is called a thrust fault.
Strike slip faults are those that primarily exhibit horizontal movement. Oblique faults
exhibit both horizontal and vertical movement.
Folds
Folds occur when one or several of originally flat and planar surfaces become bend and
curved as a result of plastic and ductile deformation. They may take place in various
spatial scales and singly or in extensive fold trains (i.e. a series of folds along a layer or
series of layers).
Folds can form under varied conditions of stress, hydrostatic and pore pressure, tem-
perature, etc, and may result from a primary deformation, which means that folds develop
during the formation of the rock (for example flow folds in lava), or from secondary de-
formation, which means tectonic deformation, generally produced by shortening.
About geometrical definitions of folds we can say that a convex-upward fold is an
antiform, while a convex-downward fold is a synform (Fig.1.11).They often come in pairs.
The region towards the inner, concave side of a folded layer is the core of the fold.
Figure 1.11: Antiform and synform on a fold.
Anticline and syncline are terms with stratigraphic significance. Anticlines are an-
tiforms in which the oldest strata are in the core of the fold. Synclines are synforms in
which the youngest strata are in the core. But antiformal synclines and synformal anti-
clines may exist in regions where the deformation was complex and happened in several
stages.
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Abstract
The main premise of the Plate Tectonics theory is that lithospheric plates behave rigidly
in their interior. However, they bend under vertical loading by large volcanoes or ice caps,
and buckle under large horizontal topographic stresses. The problem that still persists,
and we investigate, is how lithospheric deformation sets off under horizontal compression:
buckle first or fault first? Using widely accepted viscosity magnitudes and reasonable
viscosity contrasts, 2D visco-elasto-plastic numerical modelling indicates that: (1) the
oceanic lithosphere first buckles when the viscosity contrast (ηR) between ductile and
brittle lithospheres is
(
ηDL
ηBL
)
≥ 10, and (2) the lithosphere first faults when (ηR ≤ 0.01).
The model buckle wavelength is comparable to observations of buckling in the Central
Indian Ocean.
Keywords: buckle; fault; asthenosphere; viscosity contrast; periodic instabilities
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2.1 Introduction
2.1.1 The problem
Figure 2.1: Sketch to illustrate formation of buckles in layer with viscosity contrast
(ηR = ηL/ηM ) with embedding viscous matrix. ηR increases from B to D. A − initial
stage. B − there is no buckling when ηR = 1, only homogeneous thickening. C − with ηR
slightly greater than 1, layer first thickens and later buckles. D − with ηR significantly
greater than 1, the layer immediately buckles, without previous thickening. Arrows mark
shortening applied parallel to layering.
In the extreme case of a lithosphere, viscous in all its vertical extension, on top of a
low viscosity asthenosphere, only folds can develop under shortening if there is viscosity
contrast between viscous layers (Fig. 2.1c and d). Without viscosity contrast, there
is only homogeneous thickening and the layers remain horizontal (Fig. 2.1b). In the
opposite extreme case of a lithosphere brittle in all its vertical extension, only faults
can develop under shortening. In the case of a mixed behaviour (viscous at depth and
brittle at the top), but without viscosity contrast in the underlying viscous lithosphere
and asthenosphere, only faults are expected to form in the brittle layer, because the
viscous layers undergo homogeneous thickening (Fig. 2.2). The question is, therefore,
what happens in the most common case of a rheologically layered lithosphere, with, from
top to bottom, a brittle layer atop two layers with different viscosity (lowest in the bottom
asthenospheric layer). What forms first? Buckles because there is a viscosity contrast?
Or faults because there is a brittle layer? This initial competition between buckling and
faulting at lithospheric scale is the problem we address in this article. Because it is too
complex to be treated analytically, we used 2D visco-elasto-plastic numerical modelling. In
order to answer the question in the title, we only analyse the first increments of shortening.
The long-term deformation of the lithosphere is the object of a separate article.
2.1.2 Previous work
The behaviour of the Earth’s lithosphere is a long-standing problem yet to be solved, in
particular the tendency of rheologically stratified lithosphere to buckle or fault. Vening-
Chapter 2: Buckle first or fault first at lithospheric scale? 17
Figure 2.2: Sketch to illustrate fault formation in a brittle layer atop two viscous layers
with ηR = 1.
Meinesz (1958) and Ramberg and Stephansson (1964) have suggested that excessively large
forces are required to buckle the crust to geosynclinal dimensions. In contrast, Lambeck
(1983) showed that buckling of continental or oceanic lithosphere is possible. This could
be the case of deformation far from plate boundaries in oceanic lithosphere (e.g. Weissel
et al., 1980; McAdoo and Sandwell, 1985; Bull and Scrutton, 1990; Gordon et al., 1998;
Krishna et al., 2001) or continental lithosphere (e.g. England and Jackson, 1989; Burov
et al., 1993; Nikishin et al., 1993; Jin et al., 1994; Cloetingh et al., 1999; Cloetingh and
Van Wees, 2005; Shin et al., 2007).
Davy and Cobbold (1991), Burg et al. (1994), Martinod and Davy (1994) and Sokoutis
et al. (2005) investigated the behaviour of n-layered models of the lithosphere, and con-
cluded that thrusts initiate at inflection points of buckles; therefore buckling can precede
thrusting. In contrast, Gerbault et al. (1999) concluded from a numerical study that,
under reasonable tectonic stresses, folds can develop from brittle faults cutting through
the brittle parts of the lithosphere.
Figure 2.3: Sketch of oceanic lithosphere structure (right) with yield strength envelope
(YSE) for compression of oceanic lithosphere prior to (solid grey line) and after (black
dashed line) whole lithosphere failure (WLF).
Marques (2008) experimentally modelled thrust initiation and propagation during hor-
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izontal shortening of a 2-layer model lithosphere, and concluded that thrust initiation may
occur in two main modes, buckle-first or fault-first, which can be the result of presence or
absence of an initial perturbation close to the piston, respectively. Now we test another
possibility, which is viscosity contrast.
Simpson (2009) analysed numerically the relationship between folding and faulting in
brittle-ductile wedges, and concluded that folding dominates when the detachment horizon
is relatively thick and has a low viscosity, when the upper layer has a relatively high elastic
shear modulus, and when the total thickness of the sequence is relatively small. Otherwise,
faulting dominates.
For a standard parameter set, the yield strength envelope (YSE) should include effec-
tively elastic cores between brittle and ductile layers, if the stress level is smaller than the
brittle yield and viscosity is too high to allow creep and relaxation of differential stresses.
Once elastic strain is commonly assumed to be negligible compared to typical mountain
building strains, then the presence of an effectively elastic core seems to be inconsistent
with large-scale lithospheric deformation. According to this view, deformation can only
be initiated after the elastic layer has vanished, and yield conditions over the whole of
the strength versus depth profile have been attained, a concept named whole lithosphere
failure (WLF) by Kusznir and Park (1982). The quasi-elastic core of the lithosphere can
vanish if duration of loading, and magnitude of stress level or heat flow are sufficient.
The evolution of the intra-lithospheric elastic core can be visualized as wedging out to a
vanishing point, the WLF. Marques and Podladchikov (2009) investigated the behaviour
of a thin elastic layer between brittle and ductile layers of the lithosphere, i.e. just before
WLF (Fig. 2.3). Now we investigate the behaviour of the lithosphere after WLF, i.e.
without the elastic core. Therefore, the variable tested in our investigation is viscosity.
2.2 Numerical model
2.2.1 Numerical implementation
The behaviour of the system is governed by the equations for conservation of mass and
momentum, and the constitutive law. These equations are solved using the finite element
(FE) code MILAMIN_VEP, which is a 2D geodynamic modelling code, based on the fast
2D Matlab-based Stokes solver MILAMIN (Dabrowski et al., 2008). MILAMIN_VEP
employs a velocity-pressure formulation for the mechanical equations, includes remeshing
if the elements are too distorted, visco-elasto-plastic rheologies, a tracer-based method
to advect material properties, phase transitions and thermo-mechanical coupling (Kaus,
2010). The code is employed in a Lagrangian manner, in which the elements are deformed
at each time step, and both quadrilateral and triangular elements are implemented. Also, a
free-surface stabilization algorithm (FSSA) is applied (Kaus et al., 2010), which overcomes
the issue of the appearance of sloshing instabilities when using a free surface and not
applying a very small time step compared to similar models with a free slip upper boundary
condition.
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2.2.2 Model setup
In order to better understand the problem, we used the profile of an oceanic lithosphere,
instead of a more complex continental lithosphere. The 2D model setup is shown in Fig.
2.4. It has an initial width of 500 km by a total initial thickness of 100 km and is defined by
a three-layer model: (1) a bottom layer representing the asthenosphere with low viscosity(
ηA = 1020 Pa.s
)
; (2) a higher viscosity (ηDL = 1021Pa.s to 1023Pa.s) ductile intermediate
layer, representing the ductile lithosphere; and (3) a brittle top layer representing the
brittle lithosphere with a variable viscosity (ηBL between 1021 and 1025Pa.s). The density
is assumed to be constant ρ = 3000 kg/m3 to simplify the problem. The two upper layers
have an initial thickness of 10 km, while the asthenosphere has an initial thickness of 80
km. The model is subjected to shortening with constant background strain rate on both
left and right boundaries. The top boundary is stress-free (free surface), while the left
and right boundaries are set to constant strain rate. The bottom boundary is also set
to constant strain rate for a better visualization making the lower side of the model go
downwards and ensuring that the free surface remains around z = 0 km.
Figure 2.4: Model setup and initial conditions. See Table 2.1 for material parameters.
2.2.3 Parameters and scaling
Material proprieties are given in Table 2.1. The used values of viscosity are in agreement
with previous studies (e.g. Goetze and Evans , 1979; Turcotte and Schubert, 2002; Karato,
2008). The used constant background strain rate, ε˙bg = 10−15 s−1, is widely accepted
in the literature for plate tectonic processes (e.g. Turcotte and Schubert, 2002). In
all simulations, an initial time step of 1000 years was employed, until it evolved into a
maximum time step of 5000 years, after some time steps.
The increase in the friction angle makes faults to appear earlier and therefore faults will
be stronger (Kaus, 2010). This means that the decrease of friction angle, or the increase
of cohesion, or both, on a layer inhibit shear strain localization (brittle failure). In order
to guarantee the viscous behaviour of a layer, a greater cohesion value was used, according
to the background strain rate in the model and the viscosity of the viscous layer.
The viscosity contrast between ductile lithosphere (DL) and brittle lithosphere (BL) is
defined as ηR = ηDL/ηBL.
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Table 2.1: Parameters employed in the models
Parameters Symbol Value
Width W 500 km
Height H 100 km
Top brittle layer thickness d 10 km
Intermediate ductile layer thickness d 10 km
Asthenosphere thickness D 80 km
Background strain rate ε˙bg 10−15 s−1
Density ρ 3000kg/m3
Top brittle layer viscosity ηBL 1021 − 1025 Pa.s
Intermediate ductile layer viscosity ηDL 1021 − 1023 Pa.s
Asthenosphere viscosity ηA 1020 Pa.s
Cohesion C 20× 106 Pa
Friction angle φ 30o
Elastic shear modulus G 1011Pa
2.3 Modelling results
Because we want to understand the competing processes of buckling and faulting
(buckle or fault first) when the lithosphere is stressed, in this article we only analyse
the first increments of shortening. As we are employing visco-elasto-plastic rheologies, the
model takes some time to build up stresses. With the used values of G, ε˙bg and maximum
value of yield stress, it takes around 32000 years for stresses to build up, and thus we just
show the first results of the model after this stage.
In order to better show faulting, we use second invariant strain rate maps (Fig. 2.5
tops), because strain rate increases, above the applied strain rate, where shear localizes,
and reverse faulting becomes apparent. We use the second invariant because it represents
the strain “magnitude”. In order to better visualize buckling, we use vertical active velocity
field map outputs (Fig. 2.5 bottoms), because buckling is so open (very low amplitude)
in the first increments of shortening that it cannot be discernible from layer deformation
outputs. The active velocity field is computed by subtracting the background pure-shear
field from the velocity field at the current time step in the model. Background pure-shear
is due to the overall compression of the domain, and so everything on top of that is caused
by faulting/buckling.
The modelling results are shown in Fig. 2.5 and summarized in Table 2.2. When
the viscosity is identical in brittle and ductile lithospheres, homogeneous flattening is the
dominant mechanism in the first steps of shortening (Fig. 2.5A). When the viscosity of
the ductile lithosphere is greater than the viscosity of the brittle lithosphere, the first
deformation is by buckling (Fig. 2.5B); ηR = 10 is enough for buckling to prevail over
faulting in the first stages of shortening. When the viscosity of the ductile lithosphere is
smaller than the viscosity of the brittle lithosphere, the first deformation is by faulting;
ηR = 0.01 is enough for faulting to prevail over buckling (Fig. 2.5C) in the first stages of
shortening.
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Figure 2.5: Model results with second invariant strain rate maps (top of A, B and C)
and velocity maps (bottom of A, B and C). A − equal viscosity in brittle and ductile
lithospheres; B − buckle first for ηBL = 1021 Pa.s, ηDL = 1023 Pa.s; C − fault first for
ηBL = 1024 Pa.s, ηDL = 1022 Pa.s.
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Table 2.2: Summary of the model results
Viscosity
contrast
(ηDL/ηBL)
Viscosity
asthenosphere
(ηA)
Viscosity ductile
lithosphere
(ηDL)
Viscosity brittle
lithosphere
(ηBL)
Model result
1 1020 1022 1022 Homogeneousthickening
1 1020 1023 1023 Homogeneousthickening
10 1020 1022 1021 Buckle first
100 1020 1023 1021 Buckle first (morebuckles)
0.1 1020 1022 1023 Buckle first
0.1 1020 1023 1024 Buckles with faults
0.01 1020 1022 1024 Fault first
0.01 1020 1023 1025 Faults (stronger)and buckles
0.001 1020 1022 1025 Fault first stronger
2.4 Discussion
The mechanical behaviour of the three model layers is controlled by viscosity and co-
hesion. On the one hand, cohesion has a similar effect to pressure, in the sense that it
can inhibit shear localization (loss of cohesion). Keeping viscosity constant, there is a
cohesion threshold above which the viscous layer behaves effectively as a continuum (no
cohesion loss), and below which the viscous layer behaves as brittle (shear localization).
On the other hand, viscosity magnitude determines where the applied stress will concen-
trate. Therefore, the mechanical behaviour of the higher viscosity layer (greater stress) will
determine the overall response of the model. If the higher viscosity layer has high cohesion
and lies in the middle of the model (ductile lithospheric layer), strain localization is inhib-
ited and therefore buckling is the first mode of deformation. If the higher viscosity layer
has lower cohesion and lies atop the model (brittle lithospheric layer), strain localization
is promoted and therefore shear localization (fault) is the first mode of deformation.
In order to check the stresses in the model, we can use Newton’s equation of viscosity:
τ = ηε˙ = 1022 × 10−15 = 107 Pa.
The greatest compressive stress on Earth comes from topography (Himalayas and An-
dean Plateau), which is in the order of 1013 N m−1. In a lithosphere 100 km thick, this is
equivalent to 100 MPa (or 1 kbar), and in a lithosphere 20 km thick (as in our model) it
is equivalent to 0.5GPa (or 5kbar), which is similar to the stress in the model lithosphere
with 1024 and 1022 Pa.s in the brittle and ductile layers respectively.
The buckle wavelengths we obtain in the model are comparable to buckle wavelengths
found in the Central Indian Ocean (e.g. Weissel et al., 1980; McAdoo and Sandwell, 1985;
Bull and Scrutton, 1990; Royer and Gordon, 1997).
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2.5 Conclusions
2D visco-elasto-plastic numerical modelling indicates that the deformation mode de-
pends on the viscosity contrast: (1) the lithosphere first buckles when ηDL/ηBL ≥ 10; (2)
the lithosphere first faults when ηDL/ηBL ≤ 0.01
The model buckle wavelength is comparable to observations of buckling in the Central
Indian Ocean.
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Abstract
We are interested in studying the factors that control the evolution of faulting and
folding of the lithosphere under compression. We use different configurations of viscosity,
density and also study the effect of the friction angle on long-term runs of 2D visco-elasto-
plastic numerical modelling. It indicates that: (1) if the viscosities of the top brittle
layer and the intermediate ductile layer are equal, lithosphere undergoes homogeneous
flattening; (2) high viscosity contrasts with higher viscosities in the ductile layer promotes
buckling; (3) faulting is as stronger as higher is the contrast between viscosities of the
brittle layer and the ductile layer (ηBL > ηDL); (4) faulting is strengthened by a small
contrast between the viscosity of the asthenosphere and of the ductile layer; (5) a constant
density profile promotes buckling or faulting.
Keywords: buckle; fault; asthenosphere; viscosity contrast; periodic instabilities
25
26 Chapter 3: Faulting and folding of the lithosphere under compression
3.1 Introduction
3.1.1 The problem
Figure 3.1: Sketch to illustrate formation of buckles in layer with viscosity contrast
(ηR = ηL/ηM ) with embedding viscous matrix. ηR increases from B to D. A − initial
stage. B − there is no buckling when ηR = 1, only homogeneous thickening. C − with ηR
slightly greater than 1, layer first thickens and later buckles. D − with ηR significantly
greater than 1, the layer immediately buckles, without previous thickening. Arrows mark
shortening applied parallel to layering.
In the extreme case of a lithosphere, viscous in all its vertical extension, on top of a
low viscosity asthenosphere, only folds can develop under shortening if there is viscosity
contrast between viscous layers (Fig. 3.1c and d). Without viscosity contrast, there
is only homogeneous thickening and the layers remain horizontal (Fig. 3.1b). In the
opposite extreme case of a lithosphere brittle in all its vertical extension, only faults
can develop under shortening. In the case of a mixed behaviour (viscous at depth and
brittle at the top), but without viscosity contrast in the underlying viscous lithosphere
and asthenosphere, only faults are expected to form in the brittle layer, because the
viscous layers undergo homogeneous thickening (Fig. 3.2). The question is, therefore,
what happens in the most common case of a rheologically layered lithosphere, with, from
top to bottom, a brittle layer atop two layers with different viscosity (lowest in the bottom
asthenospheric layer). What forms first, buckles or faults was the problem addressed in the
companion article, Marques et al. (2012). In this article, we used 2D visco-elasto-plastic
numerical modelling in order to study the long-term deformation of the lithosphere under
compression and understand the factors that control the evolution of faulting and folding
in it.
3.1.2 Previous work
The behaviour of the Earth’s lithosphere is a long-standing problem yet to be solved, in
particular the tendency of rheologically stratified lithosphere to buckle or fault. Vening-
Meinesz (1958) and Ramberg and Stephansson (1964) have suggested that excessively large
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Figure 3.2: Sketch to illustrate fault formation in a brittle layer atop two viscous layers
with ηR = 1.
forces are required to buckle the crust to geosynclinal dimensions. In contrast, Lambeck
(1983) showed that buckling of continental or oceanic lithosphere is possible. This could
be the case of deformation far from plate boundaries in oceanic lithosphere (e.g. Weissel
et al., 1980; McAdoo and Sandwell, 1985; Bull and Scrutton, 1990; Gordon et al., 1998;
Krishna et al., 2001) or continental lithosphere (e.g. England and Jackson, 1989; Burov
et al., 1993; Nikishin et al., 1993; Jin et al., 1994; Cloetingh et al., 1999; Cloetingh and
Van Wees, 2005; Shin et al., 2007).
Davy and Cobbold (1991), Burg et al. (1994), Martinod and Davy (1994) and Sokoutis
et al. (2005) investigated the behaviour of n-layered models of the lithosphere, and con-
cluded that thrusts initiate at inflection points of buckles; therefore buckling can precede
thrusting. In contrast, Gerbault et al. (1999) concluded from a numerical study that,
under reasonable tectonic stresses, folds can develop from brittle faults cutting through
the brittle parts of the lithosphere.
Figure 3.3: Sketch of oceanic lithosphere structure (right) with yield strength envelope
(YSE) for compression of oceanic lithosphere prior to (solid grey line) and after (black
dashed line) whole lithosphere failure (WLF).
Marques (2008) experimentally modelled thrust initiation and propagation during hor-
izontal shortening of a 2-layer model lithosphere, and concluded that thrust initiation may
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occur in two main modes, buckle-first or fault-first, which can be the result of presence or
absence of an initial perturbation close to the piston, respectively. Now we test another
possibility, which is viscosity contrast.
Simpson (2009) analysed numerically the relationship between folding and faulting in
brittle-ductile wedges, and concluded that folding dominates when the detachment horizon
is relatively thick and has a low viscosity, when the upper layer has a relatively high elastic
shear modulus, and when the total thickness of the sequence is relatively small. Otherwise,
faulting dominates.
For a standard parameter set, the yield strength envelope (YSE) should include effec-
tively elastic cores between brittle and ductile layers, if the stress level is smaller than the
brittle yield and viscosity is too high to allow creep and relaxation of differential stresses.
Once elastic strain is commonly assumed to be negligible compared to typical mountain
building strains, then the presence of an effectively elastic core seems to be inconsistent
with large-scale lithospheric deformation. According to this view, deformation can only
be initiated after the elastic layer has vanished, and yield conditions over the whole of
the strength versus depth profile have been attained, a concept named whole lithosphere
failure (WLF) by Kusznir and Park (1982). The quasi-elastic core of the lithosphere can
vanish if duration of loading, and magnitude of stress level or heat flow are sufficient. The
evolution of the intra-lithospheric elastic core can be visualized as wedging out to a van-
ishing point, the WLF. Marques and Podladchikov (2009) investigated the behaviour of a
thin elastic layer between brittle and ductile layers of the lithosphere, i.e. just before WLF
(Fig. 3.3). Now we investigate the behaviour of the lithosphere after WLF, i.e. without
the elastic core. Therefore, one of the variables tested in our investigation is viscosity.
3.2 Numerical model
3.2.1 Numerical implementation
The behaviour of the system is governed by the equations for conservation of mass and
momentum, and the constitutive law. These equations are solved using the finite element
(FE) code MILAMIN_VEP, which is a 2D geodynamic modelling code, based on the fast
2D Matlab-based Stokes solver MILAMIN (Dabrowski et al., 2008). MILAMIN_VEP
employs a velocity-pressure formulation for the mechanical equations, includes remeshing
if the elements are too distorted, visco-elasto-plastic rheologies, a tracer-based method
to advect material properties, phase transitions and thermo-mechanical coupling (Kaus,
2010). The code is employed in a Lagrangian manner, in which the elements are deformed
at each time step, and both quadrilateral and triangular elements are implemented. Also, a
free-surface stabilization algorithm (FSSA) is applied (Kaus et al., 2010), which overcomes
the issue of the appearance of sloshing instabilities when using a free surface and not
applying a very small time step compared to similar models with a free slip upper boundary
condition.
3.2.2 Model setup
In order to better understand the problem, we used the profile of an oceanic litho-
sphere, instead of a more complex continental lithosphere. The 2D model setup is shown
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in Fig. 3.4. It has an initial width of 500 km by a total initial thickness of 100 km and is
defined by a three-layer model: (1) a bottom layer representing the asthenosphere with
low viscosity
(
ηA = 1020 Pa.s
)
; (2) a higher viscosity (ηDL = 1021 Pa.s to 1023 Pa.s)
ductile intermediate layer, representing the ductile lithosphere; and (3) a brittle top
layer representing the brittle lithosphere with a variable viscosity (ηBL between 1021 and
1025 Pa.s). Different viscosity configurations between layers where tested. The two upper
layers have an initial thickness of 10 km, while the asthenosphere has an initial thickness
of 80 km. The model is subjected to shortening with constant background strain rate on
both left and right boundaries. The top boundary is stress-free (free surface), while the
left and right boundaries are set to constant strain rate. The bottom boundary is also
set to constant strain rate for a better visualization making the lower side of the model
go downwards and ensuring that the free surface remains around z = 0 km.
Figure 3.4: Model setup and initial conditions. See Table 3.1 for material parameters.
3.2.3 Parameters and scaling
Material proprieties are given in Table 3.1. The used values of viscosity are in agreement
with previous studies (e.g. Goetze and Evans , 1979; Turcotte and Schubert, 2002; Karato,
2008). The used constant background strain rate, ε˙bg = 10−15 s−1, is widely accepted in
the literature for plate tectonic processes (e.g. Turcotte and Schubert, 2002). In standard
simulation we used a constant density in all layers, ρ = 3000 kg/m3. But we tested
also different density configurations, one with typical values for an oceanic lithosphere
(ρBL = 2900 kg/m3, ρDL = 3000 kg/m3, ρA = 3300 kg/m3), and another with typical
density values for a continental lithosphere (ρBL = 2700 kg/m3, ρDL = 3000 kg/m3,
ρA = 3300 kg/m3). The effect of varying the value of the friction angle was also tested.
The standard value in the model for this parameter is 30o, but we also tested 15o and 45o.
In all simulations, an initial time step of 1000 years was employed, until it evolved into a
maximum time step of 5000 years, after some time steps. In order to guarantee the viscous
behaviour of a layer, a greater cohesion value was used, according to the background strain
rate in the model and the viscosity of the viscous layer, because cohesion has a similar
effect to pressure, in the sense that it can inhibit shear localization (loss of cohesion).
The viscosity contrast between ductile lithosphere (DL) and brittle lithosphere (BL) is
defined as ηR = ηDL/ηBL.
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Table 3.1: Parameters employed in the models
Parameters Symbol Value
Width W 500 km
Height H 100 km
Top brittle layer thickness d 10 km
Intermediate ductile layer thickness d 10 km
Asthenosphere thickness D 80 km
Background strain rate ε˙bg 10−15 s−1
Density for the constant case ρ 3000 kg/m3
Top brittle layer density for a continental lithosphere ρBL (cont) 2700 kg/m3
Intermediate ductile layer density for a continental lithosphere ρDL (cont) 3000 kg/m3
Top brittle layer density for an oceanic lithosphere ρBL (oc) 2900 kg/m3
Intermediate ductile layer density for an oceanic lithosphere ρDL (oc) 3000 kg/m3
Asthenosphere density ρA 3300 kg/m3
Top brittle layer viscosity ηBL 1021 − 1025 Pa.s
Intermediate ductile layer viscosity ηDL 1021 − 1023 Pa.s
Asthenosphere viscosity ηA 1020 Pa.s
Cohesion C 20× 106 Pa
Friction angle φ 15o, 30o, 45o
Elastic shear modulus G 1011Pa
3.3 Modelling results and Discussion
To show the results we use second invariant strain rate maps because it clearly shows
shear localization, hence, faulting. Second invariant strain rate represents the strain “mag-
nitude”. We may also use maps of apparent viscosity and composition maps that schemat-
ically show the topography and the aspect of the model in a certain time step.
3.3.1 Effect of viscosity
Marques et al. (2012) showed that when the viscosity is identical in brittle and ductile
lithospheres, homogeneous flattening is the dominant mechanism of deformation, and that
the lithosphere first buckles when ηDL/ηBL ≥ 10 and first faults when ηDL/ηBL ≤ 0.01.
Here we used the same initial conditions and parameters ( ε˙bg = 10−15 s−1, constant
density of 3000 kgm3 in all layers, constant friction angle value of 30o in all layers) with
different viscosity configurations to test the effect of viscosity in long-term buckling or
faulting, for the three mechanisms of deformation mentioned above.
We first tested the effect of viscosity for a case where the viscosity is identical in brittle
and ductile lithosphere. In the first case we used a viscosity of 1022 Pa.s in both brittle
and ductile lithosphere, in the second a viscosity of 1023 Pa.s was also employed in the
top layers of the model. As we can see in Fig.3.5 the lithosphere undergoes homogeneous
flattening in both cases, and the value of viscosity used don’t make a difference, as long
as both the top brittle layer and the intermediate ductile layer have the same viscosity.
Fig.3.5 depicts the model after 10 millions of years (Myr), and nor buckling, nor faulting
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Figure 3.5: Model results after 10 Myr with common logarithm of effective viscosity (top
of A and B) and composition maps (bottom of A and B). Equal viscosity in brittle and
ductile lithospheres: A - ηBL = ηDL = 1022 Pa.s; B - ηBL = ηDL = 1023 Pa.s
happens, even though the model has been compressed by about 40% of its initial width.
For the case when ηR = 10 we tested two different viscosity profiles. The modelling
results after 10 Myr can be seen in Fig.3.6. In the first case (Fig.3.6A) the viscosity of the
brittle layer (ηBL) is 1021Pa.s and the viscosity of the ductile layer (ηDL) is 1022Pa.s, while
in the second (Fig.3.6B) ηBL = 1022 Pa.s and ηDL = 1023 Pa.s. We can see that buckling
occurs in both cases, but more folds develop for the second case, where the contrast
between the viscosity of the asthenosphere and the intermediate ductile layer is higher.
This means that for a case where ηDL ηBL = 10, i.e, the viscosity of the ductile layer is
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Figure 3.6: Model results after 10 Myr with common logarithm of effective viscosity (top
of A and B) and composition maps (bottom of A and B) for ηR = 10. A - ηBL = 1021Pa.s,
ηDL = 1022 Pa.s; B - ηBL = 1022 Pa.s, ηDL = 1023 Pa.s
one order of magnitude higher than the viscosity of the top brittle layer, a higher viscosity
contrast between the asthenosphere and the ductile layer promotes buckling. We can also
say that for small viscosity contrasts between the three layers (one order of magnitude), the
model shows little deformation by buckling, and undergoes almost homogeneous thinning.
Therefore higher viscosity contrasts between layers promote deformation by buckling or
faulting.
For a case where ηR = 100, using ηBL = 1021 Pa.s and ηDL = 1023 Pa.s buckling
is also obtained, however much stronger than for ηR = 10, as we can see in Fig.3.7.
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Figure 3.7: Model results with common logarithm of effective viscosity (top of A and B)
and composition maps (bottom of A and B) for ηR = 100, where ηBL = 1021 Pa.s, and
ηDL = 1023 Pa.s. Results after: A - 5 Myr; B - 10 Myr
Fig.3.7A shows the state of the model after 5 Myr. We can see that buckling at this
stage is equivalent to the case where ηR = 10 at 10 Myr (Fig.3.6B), what means that
with a viscosity contrast two orders of magnitude greater in the ductile layer than in the
brittle layer, the model took half the time to develop the same buckles in relation to a
viscosity contrast of only one order of magnitude greater in the ductile layer relatively to
the brittle layer. Therefore, high viscosity contrasts with higher viscosities in the ductile
layer relatively to the brittle layer, promotes buckling.
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Figure 3.8: Model results after 10 Myr with common logarithm of effective viscosity (top
of A, B and C) and composition maps (bottom of A, B and C) for ηR = 0.1. A - ηBL =
1022 Pa.s, ηDL = 1021 Pa.s; B - ηBL = 1023 Pa.s, ηDL = 1022 Pa.s; C - ηBL = 1024 Pa.s,
ηDL = 1023 Pa.s
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For the case where ηR = 0.1 we tested three different viscosity profiles: (1) ηBL =
1022 Pa.s and ηDL = 1021 Pa.s (Fig.3.8A); (2) ηBL = 1023 Pa.s and ηDL = 1022 Pa.s
(Fig.3.8B); and (3) ηBL = 1024Pa.s and ηDL = 1023Pa.s (Fig.3.8C). Buckling is obtained
in the three cases. The results in Fig.3.8 confirm the conclusions we took from ηR =
10: buckling is stronger when the contrast between the viscosity of the asthenosphere
and the intermediate ductile layer is higher, i.e. a higher viscosity contrast between the
asthenosphere and the ductile layer promotes buckling; small viscosity contrasts between
the three layers (one order of magnitude, Fig.3.8A) inhibits deformation by buckling or
faulting, and therefore the lithosphere undergoes homogeneous thinning.
For ηR = 0.01 we studied two cases: (1) ηBL = 1024 Pa.s and ηDL = 1022 Pa.s and (2)
ηBL = 1025 Pa.s and ηDL = 1023 Pa.s. The first case undergoes faulting and is depicted
on Fig.3.9 after 5 Myr. Shear localization in top brittle layer is clear in this case.
Figure 3.9: Model results after 5 Myr with with common logarithm of second strain rate
invariant (top), common logarithm of effective viscosity (middle) and composition maps
(bottom) for ηR = 0.01, where ηBL = 1024 Pa.s and ηDL = 1022 Pa.s.
The second case undergoes both buckling and faulting and is depicted in Fig.3.10.
Fig.3.10A shows the results for this case after 2.5 Myr and we can see shear localization
in top brittle layer in the second invariant strain rate map. However, after more 5 Myr
we can see clearly buckles in the model. This means that a contrast of two orders of
magnitude in viscosity, with higher viscosity in the brittle layer, is enough to make the
lithosphere deform with faults. Although it seems that for a high contrast between the
viscosity of the asthenosphere and the intermediate ductile layer, the model may deform
with buckles at the same time it deforms by faulting.
Finally, we tested the case where ηR = 0.001. Two different profiles where tested. In
the first ηBL = 1024 Pa.s and ηDL = 1021 Pa.s, and in the second ηBL = 1025 Pa.s and
ηDL = 1022 Pa.s. The first case is depicted in Fig.3.11, after around 2.5 Ma. We can
see that the lithosphere undergoes faulting in all extension of the model. Strong faults
cut through the brittle lithosphere in all its width only after 2.5 Myr. Even after 5 Myr,
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Figure 3.10: Model results with common logarithm of second strain rate invariant (top A
and B), common logarithm of effective viscosity (middle A and B) and composition maps
(bottom A and B) for ηR = 0.01, where ηBL = 1025 Pa.s and ηDL = 1023 Pa.s. Results
after: A - 2.5 Myr; B - 7.5 Myr.
for the case where ηBL = 1024 Pa.s and ηDL = 1022 Pa.s ηR = 0.01, the faults cutting
through the brittle lithosphere are weaker than in this case. Therefore, we can conclude
that faulting is as stronger as higher is the contrast between viscosities of the brittle top
layer and ductile intermediate layer.
The modelling results for the second case tested for ηR = 0.001 can be seen in Fig.3.12.
As in the first case, the lithosphere undergoes faulting in all its extension. However,
compared to the first case, the shear localization is less pronounced, i.e. faults are weaker
for the same time of lithospheric compression at 2.5 Myr (Fig.3.12A). Shear localization
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Figure 3.11: Model results after 2.5 Myr with common logarithm of second strain rate
invariant (top), common logarithm of effective viscosity (middle) and composition maps
(bottom) for ηR = 0.001, where ηBL = 1024 Pa.s and ηDL = 1021 Pa.s.
approximately matches the one in the first case after an additional 2.5 Myr.
It seems that when we are talking about a brittle top layer with a viscosity three orders
of magnitude higher that the viscosity in the beneath ductile layer, faulting is strengthened
by a small contrast between the viscosities of the asthenhosphere and the above ductile
layer. We can see this by comparing the cases where: (1) ηBL = 1024 Pa.s and ηDL =
1022Pa.s (Fig.3.9) that undergoes only faulting and ηBL = 1025Pa.s and ηDL = 1023Pa.s
Pa.s (Fig.3.10), where both buckles and faults formed, and (2) ηBL = 1024 Pa.s and
ηDL = 1021 Pa.s (Fig.3.11) and ηBL = 1025 Pa.s and ηDL = 1022 Pa.s (Fig.3.12), where
in the first case shear localization is stronger for a given point in time.
3.3.2 Effect of density
As we have told before we also tested the effect of density on long-term faulting and
folding. We used a constant value of 3000 kg/m3 for the standard case. We tested two
other different configurations, one with typical values for an oceanic lithosphere (ρBL =
2900kg/m3, ρDL = 3000kg/m3, ρA = 3300kg/m3), and another with typical density values
for a continental lithosphere (ρBL = 2700 kg/m3, ρDL = 3000 kg/m3, ρA = 3300 kg/m3).
We tested this effects on three previous studied cases presented before, where we have
obtained homogeneous flattening (ηBL = ηDL = 1023 Pa.s, ηA = 1020 Pa.s), buckling
(ηBL = 1024 Pa.s, ηDL = 1021 Pa.s, ηA = 1020 Pa.s) and faulting (ηBL = 1024 Pa.s,
ηDL = 1022 Pa.s, ηA = 1020 Pa.s).
The results for the case of homogenous flattening for the three different density profiles
are shown in Fig.3.13, after 5 Myr. We see that nothing changes and that lithosphere
undergoes homogeneous flattening, with the three different density profiles.
About the results for the buckling case, testing the three density profiles, they can be
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Figure 3.12: Model results with common logarithm of second strain rate invariant (top A
and B), common logarithm of effective viscosity (middle A and B) and composition maps
(bottom A and B) for ηR = 0.001, where ηBL = 1025 Pa.s and ηDL = 1022 Pa.s. Results
after: A - 2.5 Myr; B - 5 Myr.
seen in Fig.3.14. The results are after 7.5 Myr. We can see that using a constant density in
all layers promotes buckling (Fig.3.14A), what means that this profile is less stables that
the other two. Between the oceanic lithosphere density profile (Fig.3.14C) and continental
density profile (Fig.3.14B) we can see that the model where a continental density profile
was used is less deformed due to buckling, what means that this density profile is more
gravitationally stable than the oceanic density profile, which is more stable than using a
constant density in all layers.
Finally the results for the faulting case to test different density profiles were obtained
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and are depicted in Fig.3.15. We again see that using a different density profile doesn’t
change the overall form lithosphere deforms. However, changes the intensity of faulting
or buckling. In this case we can easily see that there are more shear localization in the
case using a constant density profile. Again, this means that this density profile is the less
gravitationally stable of the ones employed, and so it promotes deformation by buckling
or faulting.
3.3.3 Effect of the friction angle
Finally, we tested the effect of the friction angle. Our standard value used before for
this parameter was 30o. We tested values of 15o and 45o, but changed the value only
in the top brittle layer to better understand the effects of the friction angle. We used a
previous studied case presented before, where we have obtained faulting (ηBL = 1024Pa.s,
ηDL = 1022 Pa.s, ηA = 1020 Pa.s). The modelling results are shown in Fig.3.16. We
can clearly see that the increase in the friction angle makes faults to appear earlier and
therefore faults will be stronger, while a decrease in the friction angle makes faults weaker.
This conclusion is in agreement with Kaus, 2010.
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Figure 3.13: Model results after 5 Myr with common logarithm of effective viscosity (top
of A and B) and composition maps (bottom of A and B), where ηBL = ηDL = 1023 Pa.s.
Results for: A − constant density profile; B − typical continental density profile; C −
typical oceanic density profile.
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Figure 3.14: Model results, after 7.5 Myr with common logarithm of effective viscosity
(top of A and B) and composition maps (bottom of A and B), where ηBL = 1021 Pa.s
and ηDL = 1023 Pa.s. Results for: A − constant density profile; B − typical continental
density profile; C − typical oceanic density profile.
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Figure 3.15: Model results, after 2.5 Myr, with common logarithm of second strain rate
invariant (top A and B) and common logarithm of effective viscosity (bottom A and B),
where ηBL = 1024 Pa.s and ηDL = 1022 Pa.s. Results for: A − constant density profile; B
− typical continental density profile; C − typical oceanic density profile.
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Figure 3.16: Model results, after around 2.4 Myr, with common logarithm of second strain
rate invariant (top A and B) and common logarithm of effective viscosity (bottom A and
B), where ηBL = 1024 Pa.s and ηDL = 1022 Pa.s. Results for a friction angle in the top
brittle layer of: A - 30o; B - 15o; C - 45o.
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3.4 Conclusions
This work confirms the conclusions by Marques et al. (2012) about what forms first in
a lithosphere under compression, buckles or faults, using long-term simulations.
About the factors that control the long-term faulting and folding of the lithosphere we
conclude that: (1) if the viscosities of the top brittle layer and the intermediate ductile
layer are equal, lithosphere undergoes homogeneous flattening; (2) for ηDL/ηBL = ηR = 10
or ηR = 0.1, a higher contrast between the viscosity of the ductile layer and the viscosity
of the asthenosphere promotes buckling; (3) similar viscosities, like differences of one
order of magnitude, between all the three layers, asthenosphere, ductile layer and brittle
layer inhibits deformation by buckling or faulting and the lithosphere undergoes almost
or totally homogeneous thinning; (4) high viscosity contrasts between the brittle and the
ductile layer, with higher viscosities in the ductile layer promotes buckling; (5) a viscosity
contrast of two orders of magnitude, with higher viscosity in the brittle layer relatively
to the ductile layer (ηR = 0.01), is enough to make the lithosphere to deform with faults,
although for a high contrast between the viscosity of the asthenosphere and the one for
the ductile layer, the lithosphere may deform by buckling and faulting; (6) faulting is as
stronger as higher is the contrast between viscosities of the brittle layer and the ductile
layer (ηBL > ηDL); (7) faulting is strengthened by a small contrast between the viscosity of
the asthenosphere and of the ductile layer; (8) using a typical density profile for an oceanic
or continental lithosphere doesn’t change the overall way of deformation, only its intensity;
(9) a constant density profile promotes buckling or faulting because it is less gravitationally
stable than a typical density profile for an oceanic or continental lithosphere, because this
ones are stratified; and (10) the decrease of friction angle on a layer inhibit shear strain
localization (brittle failure).
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